Objective: When the myocardium is subjected to a chronic overload, it enlarges and a major restructuring of all organelles and cellular functions occurs. The changes occurring at the level of the contractile apparatus are well documented; less is known about the alterations in the energy status of the hypertrophied cardiomyocyte. The purpose of this paper is firstly to provide a brief review of the data published on this topic and secondly to analyse previously published data drawn from studies devoted to the evaluation of the capacity of the ATP-producing processes to respond to an acute change in workload. Methods: Several different chronic conditions were studied in rats: senescence, hypertension, chronic hypoxia, and administration of thyroid hormone. The pattern of the metabolic response of the heart to acute changes in workload was characterized by alterations in the concentrations of phosphocreatine, inorganic phosphate and ATF' followed in isolated heart by 3'P-NMR spectroscopy. Results: In most of the models studied the pattern of these changes was very similar to that observed in controls. The only exceptions concerned the hearts of young hypertensive rats and those of animals subjected to a cumulated overload (hypertension + thyroid hormone). Conclusion: Our results demonstrate that the regulation of energy metabolism was well preserved in spite of the extensive restructuring that occurs in rat hearts subjected to different chronic conditions which could affect the energy balance of the cardiomyocyte.
Introduction
Under normal work loads and physiological conditions the heart is capable of matching its rate of energy conversion, through the production of ATP, with the rate of energy utilization by work. Under physiological conditions most of the ATP is produced via oxidative phosphorylation in the mitochondria and the energy conversion process is closely regulated by the work output of ATP utilization of the heart (Fig. 1) . The mechanisms by which this precise short-term regulation of mitochondrial respiration occurs are still unclear and are an area of active research. Several ' The experimental results cited in the paper have been obtained in collaboration with: J. Aussedat, S. Grably, N. Lavanchy, V. Novel, A. Ray, Laboratoire de Physiologie Cellulaife Cardiaque, Grenoble, France; H.-G. Zimmer, M. Heckmann, Department of Physiology of the University of Munich, Germany; J. Sassard, M. Vincent, Laboratoire d'Etudes Exp&imentales de I'Hypertension, Lyon, France; C. Caldarera, C. Guamieri, C. Finelli, Departimento di Biochimica, Universiti di Bologna, Bologna, Italy.
OOOS-6363/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved SSDI OOOS-6363(95)00183-Z levels of control have been proposed: availability of ADP and Pi, adenylate translocation, redox state of the respiratory chain, role of the creatine-kinase shuttle, free cystosolit Ca*+, etc. [see Refs. l-141. As a result of the precise adjustment of mitochondrial ATP production to the exact amount of ATP required by external mechanical work and associated ionic movements, the "macroscopic" concentration of ATP in the myocardium is, under physiological conditions, maintained constant even in the course of large and fast changes in the mechanical activity of the heart. The short-term changes in the concentrations of the other phosphorylated compounds (phosphocreatine = PC, inorganic phosphate = Pi, and ADP) in vivo is still a matter of debate [15] , whereas it is now well established that, in experimental models using isolated hearts, various conditions such as the nature of substrates influence notably the concentrations of PC and Pi as well as their changes during work load alterations [ 16-191. In several pathophysiological conditions such as chronic hypertension, constriction of the aorta, valvular insuffi- A. Rossi, S. Lmret/Curdiouamdur Research 31 (19961 163-171 ciency, arterio-venous fistula, thyrotoxicosis, pheochromocytosis etc., the myocardium is subjected to a chronic work overload. After the early neonatal period myocardial cells show a limited capacity for hyperplasia and the heart's response to a sustained increase in workload is hypertrophy. This process includes myocardial cell enlargement and, under some conditions, connective tissue hyperplasia. However, the hypertrophied tissue is not an identical replica of the initial tissue. As the heart muscle enlarges, it undergoes morphological and physiological restructuring that involves all of the organelles and cellular functions. In addition, the redesign of myocyte properties and function also depends on the nature of the stress as well as on the age and species of the animal involved [20-231. During aging a moderate cardiac hypertrophy also develops [24,25] . Although the mechanisms and consequences of this process are probably different from cardiac hypertrophy in young animals, aging is associated with alterations in electrical activity that are very similar to those occurring in hypertrophy due to mechanical overload. Since aging is also accompanied by alterations at the mitochondrial level, it is of interest to compare the energy alterations associated with this state to those described in hywqhy [261.
FFA GLUCOSE
The question may then be raised as to whether, or to what extent, the hypertrophied myocyte is able to face for a long time a sustained energy demand and how it responds to fast short-term changes in work load. Indeed, in most cases cardiac hypertrophy leads to heart failure, the primary cause of which is still unknown. Moreover, in several experimental models the initial stage of developing cardiac hypertrophy is associated with a prolonged decrease in ATP concentration in myocardial tissue [27-301. This change has even been proposed as a trigger for the cellular mechanisms leading the hypertrophy [29] . Thus, the energy function of the myocyte is primarily concerned with the process of hypertrophy. The nature and mechanisms of the numerous changes that occur are very complex and are not fully understood. A knowledge of them is of crucial interest both from a fundamental point of view and for clinical purposes. During hypertrophic growth fundamental changes take place in excitation-contraction coupling, in the proportion of connective tissue, and in the mean diffusion distance from capillaries to intracellular sites. A review of these alterations is not within the scope of this paper; however, it is necessary to bear in mind that such changes may also have crucial consequences on the energy status of the myocardium. figure describes schematically the main components of the energy balance in a myocardial cell. The main ATP-producing mechanism is oxidative phosphorylation in mitochondria. The process is fed by the production of reducing equivalents (i.e., NADH) mainly through the tricarboxylic acid cycle (TCA). The substrates are free fatty acids (FFA) and carbohydrates (glucose, lactate, pyruvate). The combined functions of the respiratory chain (Resp. ch.) with the intervention of oxygen and ATPase (ATP syndtase) allow the rephosphorylation of ADP to ATP. Adenine nucleotide translocase (ANT) controls the exchange of ATP and ADP between the mitochondrial matrix and cytosol. Several creatine kinases (CK) participate in'the transfer of energy between ATP and phosphocreatine (PC). The presence of CK specifically bound to mitochondria (CK mito) and to myofibrils (CK myo) creates an oriented shuttle of energy from mitochondria to myoftbrils. Other CKs are located elsewhere (e.g., in the cytosoi). The main site of ATP dephosphorylation is myofibrillar ATPase, but other ATPases at several membrane levels (Na+/K+-ATPase, Ca*+-ATPase etc.) also participate in the splitting of ATP. Several intracellular compounds can play a role in the adjustment of mitochondrial ATP production: phosphorylated compounds (ADP), redox state (NADH) or calcium (Ca'+ ). The production of ATP is also dependent on oxygen and substrate supply.
A limited number of studies have been devoted to the understanding of the energy metabolism status of the hypertrophied heart. Some data are available on the alterations of the metabolic pathways, on the properties of mitochondria, or on the enzymatic systems supporting the transfer of energy in hypertrophied myocardium. The present paper aims to review the main experimental data dealing with the understanding of the alterations in the energy status of the cardiomyocyte subjected to hypertrophy. In addition, results drawn from studies in the laboratory dealing with the response of hypertrophied rat hearts to jumps in workload as observed by 3'P-NMR spectroscopy in isolated hearts will be presented [31-361.
2. Data on the energy metabolism status of the hypertrophied rat heart 2.1. Consequences of alterations in mechanical properties Changes in the synthesis of contractile proteins result in significant alterations in muscle mechanics [37, 38] and energetics [39] because they are associated with marked changes in myofibrillar adenosine triphosphatase (ATPase) activity. Moreover, the contraction pattern is also subjected to large alterations due to reduced activity of the calcium pumps and to prolongation of the action potential.
A markedly depressed maximum velocity of shortening has been described in pressure-overloaded rat hearts [40, 41] ; in contrast, in response to thyroid hormone intoxication, heart hypertrophy is associated with an increase in the velocity of shortening of cardiac fibers [41, 42] . These alterations represent the functional consequences of the isoenzymic redistribution of the V, and V, isoforms of myosine [43-451. Indeed, the rate of force development and the velocity of shortening are correlated with the myocardial V,/V, isoenzyme ratio and with the level of myosin ATPase activity [39, whereas the economy of isometric force development development is inversely related to this ratio [49] . In the rat myocardium hypertrophied due to the effect of volume overload and thyrotoxicosis there is an increase in V, isoenzyme concentration whereas in pressure-overloaded rat myocardium the synthesis of myosin is oriented towards the production of the V, form [48, 50, 51] . In addition, the nature and extent of the changes in isoenzymic activities are also sensitive to species, age, hormonal status and characteristics of the stress applied to the heart [41, 43, 44] . Mercadier et al. [44] reported a shift of the myosin isoenzyme pattern towards V, as a function of age. In the myocardium of spontaneously hypertensive rats the blood pressure increase during aging is also paralleled by an increase in the V, myosin isoform [52], the V, form being still predominant in 12-week-old rats while the V, isoenzyme was the major form in 18-week-old rats.
The alterations in isoenzyme distribution have important consequences for the bioenergetics of contraction. The decrease in myosin ATPase activity and V,/V, ratio observed in pressure-overloaded rat hearts leads to a decrease in the cross-bridge cycling rate. This adaptation produces a heart that contracts and develops pressure more economically [41] , but its performance may be limited if the rate of contraction is high. Conversely, in thyrotoxic hypertrophy, the cross-bridge cycling rate is increased; this results in an adaptation for pumping large volumes, but the process of pressure development is far less economical [41] .
It is of interest to note that alterations at the level of other ATPases might also result in significant changes in mechanical activity. For instance, recent studies performed by Nagai et al. [53] demonstrated that in heart muscle, which normally expresses only a slow-twitch sarcoplasmic reticulum ATPase, modulation of the synthesis of this isoenzyme occurs in hypertrophy. In response to pressure overload the level of this system decreases by 34% whereas it is raised to 67% above control level after only 3 days of thyroid hormone treatment.
Energy metabolism
During the early stages of a cardiac overload the synthesis of mitochondria is enhanced [54] and these organelles increase in number [55, 56] . Several papers report, in compensated hypertrophy, a normal or decreased mitochondrial volume which parallels the increased myofibrillar components [55-571, but the number of mitochondria per unit cross-sectional area is increased [58, 59] . It remains to be understood whether a larger number of smaller mitochondria is adequate for the larger than normal contractile mass in the hypertrophied cardiomyocyte. Conceming the function of mitochondria, most earlier studies found normal oxidative metabolism in compensated heart hypertrophy 1601, but other studies describe an increase in respiratory enzyme activities in response to various stimuli such as pressure overload [28, 61] , aortic insufficiency [62] , and thyroid hormone administration [60] . Respiratory control (ADP/O ratio and H+/O) seems not to be affected by cardiac hypertrophy [63-661 or by age [67, 68] .
Several recent observations suggest that some defects in the ATPase activity of mitochondria could arise in hypertrophied cardiomyocytes [69-711. Mitochondrial proteins are encoded by both nuclear and mitochondrial genes; consequently, mitochondrial biogenesis must involve the coordinated expression of both genomes. This is particularly crucial for the synthesis of the mitochondrial FoF, ATP synthase complex. The F, catalytic sector is composed of 5 nuclear encoded subunits while the F, membrane sector is made up of 7 polypeptides: 2 encoded by the mitochondrial genome and the others by the nuclear genome [72] . A decrease in ATPase activity, accompanied by an increase in oligomycin-sensitive proton conduction of the rat heart, has been detected in senescent animals (24 months) [71] . This has been attributed to a larger decrease in F, content than that
Research 31 11996) [163] [164] [165] [166] [167] [168] [169] [170] [171] observed for F,, [71] , which leads to a dissipation of the electrochemical proton gradient. Defects in the regulation of mitochondrial ATP synthase have also been detected in cardiomyocytes from spontaneously hypertensive rats [69] and in cardiomyocytes from thyroxine-treated rats [70] . In both situations the basal ATP synthase capacity was raised in quiescent cells compared to control animals, but ATP synthase activity was not increased in response to an acute rise in energy demand. The authors concluded that the regulation of mitochondrial ATP synthase was defective due to a possible increase in intramitochondrial calcium content [69, 70] . An uncoordinated transcription of the respiratory chain components encoded at the nuclear level has also been reported in thyrotoxicosis [73] . In aged rat myocardium alterations of the function of the mitochondria are to be expected since superoxide generation has been reported [74] . In several models of cardiac hypertrophy an increased glycolytic enzyme level and a shift in lactate dehydrogenase isoenzyme towards the skeletal muscle pattern has been shown [75-771. These isoenzyme shifts, particularly that of phosphofructokinase, a key enzyme of glycolysis (77), result in a more anaerobic-type pattern [75] . In parallel a decrease in the rate of fatty-acid metabolism has been detected in hypertrophied hearts in association with a possible fall in camitine availability [78] . It is of interest to note that there is also an increase in glycolytic rates in the hearts of aged rats [24, 79] .
The creatine phosphate-creatine kinase system, which plays a major role in the transfer of energy in the myocyte [80-831, is also profoundly altered in hypertrophied hearts. In hypertrophied cardiomyocytes the production of cytosolit forms MB and BB of creatine kinase is increased [84-871. Such a shift in creatine kinase isoenzyme from MM forms (found in the adult rat heart and functionally coupled with myofibrillar ATPase) to MB and BB forms (characteristic of developing muscle) may lower efficiency GLUCOSE of PC production and energy supply to the myofibrils since these isoenzymes are located in the cytoplasm and do not participate in the highly effective coupled reactions at the level of the mitochondria, myofibrils or sarcolemma. Regarding mitochondrial creatine kinase, which is supposed to have tight functional coupling with adenine nucleotide translocase [80] , a deficiency has been detected in several cardiomyopathies 188-90-J.
3. Response of myocardial energy metabolism to acute increases in work: studies, by 31P-NMR, on hearts isolated from rats subjected to chronic pathophysiological conditions Non-invasive monitoring, by means of 3'P-NMR spectroscopy, of the intramyocardial ATP, phosphocreatine (PC) and inorganic phosphate (Pi) contents of isolated rat heart has been used to follow the time-course of alterations provoked by acute changes in heart work. Such a technique has been applied to hearts from rats subjected to various chronic cardiac overload. This paper gives a brief comparative review of published and unpublished results.
3.1. Principle (Fig. 2) When the level of mechanical work developed by the myocardium is increased, the amount of ATP synthetized is adjusted to match exactly the demand. Schematically 3 mechanisms participate in the phosphoxylation of ADP: the main one is oxidative phosphorylation at the mitochondrial level, secondly a limited amount of ATP can be produced anaerobically during glycolysis, and thirdly any decrease in ATP content is immediately matched by PC degradation under the action of creatine-kinase (CK). Under physiological conditions ATP is mainly produced by the first mechanism provided that oxygen and substrate delivery is J Cr Lactate W Fig. 2 . Energetics of cardiac muscle contraction. Part of the free energy of ATP hydrolysis is used to develop mechanical work (W); this reaction produced ADP and inorganic phosphate (Pi). The resynthesis of ATP is supported by 3 mechanisms: (1) the mitochondrial phosphorylation of ADP under the effect of ATPase (ATP synthase) -the substrates are free fatty acids @PA) and glucose (or derivatives); (2) the anaerobic degradation of glucose to lactate; (3) the coupled degradation of phosphocreatine (PC) to creatine (Cr> through the creatine kinase (CK) reaction. Mechanism (3) can be switched on immediately upon changes in the concentrations of reactants (Pi and ADP mainly). To increase the rates of ATP production through processes ( 1) and (3) requires adjustment of enzymatic activities and an adequate supply of substrates and oxygen.
adequate. When pyruvate is provided in the perfusion medium of isolated hearts, one can assume that the substrate supply is not limiting as would be the case with glucose alone. Moreover, with a sufficiently high concentration of pyruvate, pyruvate dehydrogenase is maximally activated, leading to an increase in the mitochondrial NADH level. Thus, the regulation of oxidative phosphorylation is expected to shift from intramitochondrial redox potential to phosphorylated compounds: ADP, Pi or derived index [17, 30] . As a consequence it can be predicted that, under acute increasing work load, extensive alterations in Pi, PC and ADP occur. In addition, we can assume that ATP production from glucose is negligible since glycolysis is probably inhibited due to the effect of pyruvate. Lastly, in these experiments the level of work developed by the hearts can be kept relatively low so that the oxygen supply is not limiting in such a perfusion model.
Methods
The methods have been described in detail in previous papers [32-3.51. In brief, rat hearts were perfused via a cannula inserted into the aorta and the pressure developed by the left ventricule (LVDP) was measured by means of an intraventricular balloon. The hearts were paced at 6 Hz and inserted in a sealed cylindrical glass chamber which was placed into the NMR detection coil. 3'P-NMR measurements were performed at 81 MHz, NMR spectra (2.5 min) were collected, and the areas under the resonance peaks of PC, Pi and BP-ATP were used to calculate the respective intramyocardial contents. The data were expressed as cytosolic concentrations assuming a cytosolic space of 600 ~1. g-' wet weight and taking the ATP content biochemically determined as an internal standard.
The perfusion medium contained: NaCl 118 mM, KC1 5.6 mM, MgCl, 2.4 mM, NaHCO, 21 mM, glucose 9 mM, pyruvate 2 mM and variable amounts of CaCl, (0.5, 1, 1.5, 2 mM). It was gassed with a 95% O,-5% CO, mixture. The pH was kept at 7.4 and the temperature at 37°C. Stepwise changes in work, monitored by LVDP, were elicited by changing the concentration of calcium in the perfusion fluid.
The physiopathological conditions studied were: aging, 22-24-month-old Wistar rats [36] ; spontaneously hypertensive rats (SHR) from the Lyon strain studied at two ages-3 and 6 months SHR [34] ; Sprague-Daw- Table 1 Phosphorylated compound contents and metabolic response to increase in work in hearts isolated from rats under several pathophysiological conditions The data are drawn from the publications cited in the references. The conditions were as follows: SHR = spontaneously hvoertensive rats. Lvon Strain and . . Wistar strain; T, = daily treatment with triiodotyronine (0.2 mg. kg-' s.c.) for 14 days. Chronic hypoxia = 3 weeks at 10% oxygen, normobaric. The table gives the significant changes relative to the values in hearts from the respective control groups: = not significantly different, t significantly increased, 1 significantly decreased, nd = not determined. The values given for the controls indicate the range of variation in the different control groups. The concentrations of metabolites were determined on hearts perfused with 0.5 mM Ca *' developing a low ventricular pressure ( < 30 mmHg). The metabolic response to a work jump (to 50 mmHg left ventricular pressure) elicited by increasing the concentration of calcium in the perfusion fluid is expressed as the increase in the concentration of inorganic phosphate (Pi). * Unpublished results. Fig. 3 . Changes in function and in phosphorylated compound concentrations of isolated hearts, elicited by stepwise elevation of the calcium concentration in the perfusion fluid. Isolated rat hearts were perfused via the aorta with a medium containing glucose 9 mM and pyruvate 2 mM. The concentration of calcium was 0.5 mM for the first 30 mm of perfusion time; it was then switched to 1, 1.5 and 2 mM for successive periods of 10 min each followed by 10 mm perfusion with 0.5 mM Ca*+. Left ventricular developed pressure (LVDP) was measured by means of an intraventticular balloon connected to a pressure transducer. The intramyocardial concentrations of phosphocreatine (PC), ATP, and inorganic phosphate (Pi) were calculated from 3'P NMR spectroscopy data collected over 2 min spectra.
ley [33] and SHR rats (34) treated for 14 days with subcutaneous injections of triiodothyronine CT,, 0.2 mg . kg-' S.C. daily) and chronic hypoxia for 3 weeks at 10% oxygen normobaric [unpublished results].
Results and discussion
The protocol used in these experiments permitted gradual and reversible changes in LVDP as shown in Fig. 3 . These changes in developed work load were associated with graded: and reversible alterations in PC and Pi contents. Moreover, following an increase or decrease in the level of heart work, steady states characterized by constant PC and Pi concentrations were reached. We used the PC and (or) Pi concentrations at steady-state levels to characterize the metabolic state of the hearts for a given work level.
In order to evaluate the energy status of the heart following a period of imposed chronic overload or hypoxia (Table 11 , we measured the concentration of ATP in freeze-clamped hearts. PC and Pi concentrations were calculated from NMR spectra taken at the beginning of perfusion when the heart developed a low work level (LVDP at about 30 mmHg at 0.5 mM calcium). A significant decrease in ATP content was observed in the hearts of senescent rats. This alteration, which was not accompanied by changes in PC and Pi levels, probably reflects the well-documented increase in connective tissue relative to cardiomyocytes. The administration of triiodothyronine to spontaneously hypertensive rats induced all the alterations characteristic of a failure in energy production: PC and ATP degradation and Pi accumulation. In all other situations, including chronic hypoxia, ATP concentration was not altered, indicating that the overload imposed on the heart in situ was progressive enough to allow the development of adaptive processes. This is not the case in other experimental models of cardiac overload such as aortic stenosis in adult animals or repeated administrations of isoprenaline in which a degradation of ATP has been observed [30] . The decrease in PC content when associated with an accumulation of Pi, as observed in young hypertensive rats submitted to T, treatment, probably reflects an energy imbalance. On the other hand, the decrease in PC content detected in TX-treated animals can be interpreted to be a consequence of disturbances in the metabolism of creatine rather than a result of energy imbalance. This is probably also the case for hypoxic animals.
The alterations in ATP, PC and Pi concentrations when the isolated hearts were subjected to jumps in work, elicited by increasing the calcium content of the perfusion fluid, can be summarized as follows. In none of the conditions studied did we detect any alteration in ATP concentration. Since PC content was decreased in several groups of hearts prior to the jump in work, a comparison between groups has been made using the increases in Pi concentrations in response to the increase in LVDP. The choice of AP, as an index of the reactivity of energy metabolism was also governed by the following reasons: (1) the signal detected by NMR gives a good image of the true cytosolic concentration of Pi; (2) this metabolite is directly and immediately affected by any increase in cytoplasmic ATP utilization (Fig. 2) ; and (3) the Pi concentration in the range 0.5-2 mM probably plays, as substrate, a regulating role for mitochondrial ATPase [l] . The data collected in Table 1 demonstrate that surprisingly, under most of the conditions studied, the metabolic responses of the hearts were very similar to those seen in control hearts. This demonstrates that the intrinsic properties of the ATP-producing processes of the cardiomyocyte are not altered in these hearts, at least for moderate levels of work load. Interestingly, in young hypertensive animals, the stepwise increase in work load was accompanied by a larger accumulation of Pi than in controls, but this phenomenon was abolished as the rats grew older. In the Wistar SHR, which were subjected to a higher in vivo blood pressure, the greater accumulation of Pi than in controls was still present during adulthood. This discrepancy in metabolic response compared to controls disappeared under the effect of T, treatment. This result demonstrates that, even if the energy profile of these hearts was profoundly altered, the metabolic response to a jump in work was preserved. Therefore, it can be concluded that a possible adaptation in energy metabolism might develop during cardiac growth and T, treatment.
Conclusions
It is well established that, in response to a variety of stresses, fundamental changes occur in the structural and functional characteristics of the cardiomyocyte. Moreover, a full understanding of cardiomyocyte function must also take into consideration the well-known age-related changes, especially during the transition from adulthood to senescence.
These changes involve a coordinated re-organization of contractile excitation-contraction coupling. The thermodynamic consequences of alterations in the nature of the contractile proteins are particularly well documented from experiments on the rat heart. In other species, including human, the changes in contractility have still to be completely elucidated from the knowledge of changes occurring at other levels (sarcolemma, sarcoplasmic reticulum).
The alterations produced by different stress situations on the ATP-producing systems and mainly on mitochondria are much less well known. Several experimental observations have led to the conclusion that mitochondrial defects arise in hypertrophy and senescence, but the evidence remains equivocal. Our experiments studied the capacity of the energy process of the rat heart to respond to acute increases in work load. It appeared that, in several experimental models of cardiac hypertrophy, the global metabolic behaviour of the heart submitted to acute jumps in work load was very similar to that of control hearts despite changes occurring in the concentrations of ATP or PC at low work load. Only in the case of young hypertensive animals did we detect signs of disturbances in the metabolic response of the heart. It seems, therefore, that in most situations the various changes that occur at the level of the different organelles do not result in a loss of regulation of energy balance and ATP turnover. 
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